INTRODUCTION
Chitin, the linear polymer of N-acetylglucosamine (GlcNAc), is the second most abundant polysaccharide in nature and serves as an indispensable structural component in a variety of organisms, including fungi and arthropods (Tharanathan and Kittur 2003) . Based on sequence homologies chitinases fall into two groups: families 18 and 19 of glycosyl hydrolases (Henrissat 1991) . Members of family 18 employ a substrate assisted reaction mechanism (Terwisscha van Scheltinga et al. 1995; van Aalten et al. 2001) , whereas those of family 19 adopt a fold and reaction mechanism similar to that of lysozyme (Monzingo et al. 1996) , suggesting these families evolved independently to deal with chitin.
Early reports on chitinolytic activity in vertebrates (Jeuniaux 1961) were confirmed following investigations on Gaucher disease, the most common lysosomal storage disorder in man caused by an inherited deficiency in glucocerebrosidase (Beutler et al. 1995) . In plasma of symptomatic patients with Gaucher disease activity towards the artificial substrate 4-methylumbelliferylchitotriose is elevated several hundred-fold (Hollak et al. 1994) . The responsible enzyme, named chitotriosidase, was shown to be a true chitinase, hydrolyzing natural chitin and showing high sequence homology to chitinases from lower organisms (Hollak et al. 1994; Renkema et al. 1995; Boot et al. 1995) . Other members of the mammalian chitinase family have been discovered since, including a second chitinase which, given its acidic pH optimum, was named Acidic Mammalian Chitinase (AMCase) (Boot et al. 2001) . Since chitin is an important structural component of pathogens like fungi as well as a constituent of the mammalian diet, a dual function for mammalian chitinases in innate immunity and food digestion has been envisioned (Suzuki et al. 2002; Boot et al. 2005a) . Indeed, for human chitotriosidase, an enzyme 5 predominantly expressed by phagocytes, a fungistatic effect has been demonstrated recently (van Eijk et al. 2005) . Several studies have tried to link a common chitotriosidase deficiency to susceptibility for infection by chitin-containing parasites (reviewed by Bussink et al. 2006 ). The physiological function of the second mammalian chitinase, AMCase, has recently attracted considerable attention due to a report linking the protein to the pathophysiology of asthma (Zhu et al. 2004) .
Besides active chitinases, highly homologous mammalian proteins lacking enzymatic activity due to substitution of active site catalytic residues have been identified. Despite their lack of enzymatic activity, these proteins have retained active site carbohydrate binding, and hence have been named chi-lectins Houston et al. 2003; Bussink et al. 2006) . Like the active chitinases, chi-lectins belong to family 18 of glycosyl hydrolases, consisting of a 39 kDa catalytic domain having a TIM-barrel structure, one of the most versatile folds in nature (Sun et al. 2001; Wierenga 2001; Fusetti et al. 2002; Fusetti et al. 2003; Houston et al. 2003) . In contrast to both chitinases, chi-lectins lack the conserved additional chitin-binding domain Renkema et al. 1997; Boot et al. 2001) . Despite the detailed knowledge regarding structure, insight in the exact physiological function of the various chi-lectins is limited (reviewed by Bussink et al. 2006) . Similar to chitotriosidase and AMCase, chi-lectins are secreted locally or into the circulation and a role in inflammatory conditions is suggested. For example, human cartilage GP39 (Hcgp39/ YKL-40/ CHI3L1), a protein expressed by chondrocytes and phagocytes has been implicated in arthritis, tissue-remodelling, fibrosis and cancer (Johansen et al. 1993; Hakala et al. 1993; Verheijden et al. 1997; Recklies et al. 2002;  reviewed by Johansen 2006) . Similarly, the human chi-lectin YKL-39 (CHI3L2) and the murine Ym1 (Chi3L3/ ECF-L) have been associated with the pathogenesis of arthritis (Hu et al. 1996; 6 Tsuruha et al. 2002) and allergic airway inflammation, respectively Ward et al. 2001; Homer et al. 2006) .
The high molecular weight oviductins, consisting of the amino-terminal 39 kDa catalytic domain followed by a heavily glycosylated Ser/Thr rich domain, are secreted by nonciliated oviductal epithelial cells and have been shown to play a role in fertilization and early embryo development (reviewed by Buhi 2002 
Protein: alignment and features
Signal peptides and chitin binding domain-coding sequences were omitted, hence only sequence information corresponding with the 39 kDa catalytic domain of the active chitinases was used for the alignment. ClustalX was implemented for both protein and DNA-alignments (Thompson et al. 1997) , checked manually and where necessary alignments were edited. ESPript 2.2 (Gouet et al. 1999) was used for visualization of the protein alignment (using RISLER similarity scoring) and automatic superimposition of secondary structures (Gouet et al. 2003) of human chitotriosidase based on a published crystal structure (pdb-accession code: 1LQ0). The assigned helices, strands and turns were checked manually against the published chitotriosidase structures.
Calculated iso-electric points were determined using the pI/MW tool on the ExPASy server (http://www.expasy.org/tools/pi_tool.html) (Gasteiger et al. 2003) .
Synteny analysis
Genomic mapping was performed manually by linking the coding sequences retrieved (see above) to genomic location according to both the NCBI and Ensemble databases.
Phylogenetic analysis
Maximum likelihood and parsimony analyses based on the cDNA alignment were performed by PHYLIP version 3.65, available at http://evolution.genetics.washington.edu/phylip.html (Felsenstein 2006 ) making use of the DnaML (after rejection of the molecular clock hypothesis by performing likelihood ratio testing) and DnaPars programs. Support values were generated on a thousand bootstrapped replicate datasets. For the likelihood analyses rates were considered equal over sites. In order to avoid bias caused by order of the sequence input, the order was 
Calculation of substitution rates
Rate ratios of non-synonymous to synonymous substitutions dN/dS (ω) were calculated by PAML version 3.15 (Yang 1997) , using a maximum likelihood approach based on the consensus 9 tree topology as determined by PHYLIP (see supplemental figure 1 ). The program Codeml was used to calculate ω values for branches, under the "free-ratio" model that allows a different ω for specified branches (model = 2). Codeml was also used to calculate ω values for sites (specific codons) under models that either exclude (M0 and M1a) or allow (M2a) positive selection.
Performing likelihood ratio testing compared the different models.
RESULTS

Identification of mammalian chitinase protein family members
Mining the literature and using NCBI or ENSEMBL BLAST searches led to the identification of 44 members of the chitinase protein family from 11 different mammalian species. Supplemental 
taurus).
The true chitinase genes (coding for chitotriosidase and AMCase) are present in all mammalian species for which (near) complete genome data exist. The bovine chitotriosidase gene, mapped to chromosome 16, could only be partially aligned due to incompleteness of the genomic sequence.
The genes of the chi-lectins CHI3L1 (encoding Hcgp39 or GP39) and OVGP1 (oviductin) are also present in all analyzed species. Only in the case of rat oviductin the complete coding sequence could not be retrieved due to gaps in the available genomic sequence. The bovine genome contains a second GP39 like gene that is highly homologous (96% nucleotide identity) named BP40 that seems specific for the artiodactyls (even-toed ungulates or hoofed mammals).
Other chi-lectin genes are more specific for particular species. while those that are present contain a stop codon, suggesting it to be a pseudogene (Jin et al. 1998) .
Protein alignment and features
In order to investigate the overall homology and shared features of the members of the chitinase protein family listed in supplemental table I, we aligned the 39 kDa TIM-barrel domain. Left out of this alignment were other primate species than humans (chimpanzee and macaque) given the extreme homology. Figure 1 shows the high overall homology in the mammalian TIM-barrel domains, as indicated by the grey and black boxes. The secondary structures of chitotriosidase as observed in its crystal structure, generally correspond with regions of higher conservation, whereas loops separating two helices or strands correspond with gaps in the alignment. When secondary structures seen in crystal structures of two other family members, Hcgp39 and Ym1 (Houston et al. 2003; Sun et al. 2001, respectively) are superimposed on the alignment, the outcome is similar (not shown).
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The cysteine residues involved in disulfide-bond formation, known to be essential for correct folding and stability of the TIM-barrel, are completely conserved (see figure 1) . Interestingly, both the AMCases and Ym proteins have two additional conserved cysteine residues, potentially allowing formation of a third disulfide-bond: at position 28 and 371 (Sun et al. 2001; Boot et al. 2001) . The latter cysteine is located just outside the 39 kDa domain and is therefore not depicted in figure 1.
The calculated isoelectric points of the chitinase(-like) proteins are also strongly conserved, as shown in table I. Both mouse and rat BYm have a basic pI. All AMCases have an acidic pI, being neutral in an acidic environment, in agreement with the observed expression in the gastrointestinal tract (Suzuki et al. 2002; Boot et al. 2005a) . The oviductins, thought to be ubiquitously expressed in the slightly basic oviduct (Hugentobler et al. 2004) , have basic pI's. The largest variation in pI exists among chitotriosidases (see table I ). Taken together, the data on overall homology, conserved cysteines and isoelectric point indicate interspecies retention of protein structure among orthologues.
Phylogenetic analyses
The maximum likelihood tree shown in figure 2, generated as described in Methods, is supported by high bootstrap support values. Importantly, a consensus maximum parsimony analysis 
Substitution rate ratios
The phylogenetic tree provides information on evolutionary relationships of chitinase (-like) protein-coding genes. It however does not provide information on selective forces. Since the AMCases have evolved to function in an acid environment, it might be hypothesized that there have been episodes of positive selection after the initial gene duplication to allow for rapid adaptation, in analogy to mammalian stomach lysozymes (Messier and Stewart 1997; Yang 1998 ). In addition, the repeated occurrence of the chi-lectin (loss of enzymatic function) mutations suggests site-specific positive selection. In order to evaluate more closely such selective forces, substitution rate ratios of non-synonymous versus synonymous mutations Omega values were firstly calculated using the branch model in order to assess selection within clades. As a positive control a dataset consisting of 7 primate lysozyme sequences was used, in which the occurrence of positive selection had previously been determined (Messier and Stewart 1997; Yang 1998 It is conceivable that the chitinase(-like) proteins contain constrained amino acid sites subjected to purifying selection with omega close to zero as well as sites that could be subjected to positive selection. A large number of constrained sites would mask a signal of positive selection when the omega values are averaged over all sites. Omega values were therefore also calculated using the so-called site-model. Swanson et al. had to employ a similar approach to identify a few amino acid positions in oviductins that were subjected to positive selection (Swanson et al. 2001 ). An analysis using a dataset consisting only of oviductin sequences confirmed the reported findings 
Genomic synteny of chitotriosidase and AMCase loci in man and rodents
The chromosomal location of all chitinase(-like) protein coding genes in mouse and man have been mapped. The chitotriosidase locus (1q32 in humans and 1F4 in mice) encoding chitotriosidase and GP39 and flanked by the genes coding for adenosine A1 receptor (ADORA1) and fibromodulin (FMOD) is syntenic (Boot et al. 2005a) . In figure 3 the synteny analysis is extended to the AMCase loci, corresponding to locus 1p13 in humans and 3F3 in mice. Again, the human and murine regions are flanked by the same genes, in this case coding for adenosine A3 receptor (ADORA3) and transmembrane protein 77 (TMEM77). The presence of an ADORA paralogue on chitotriosidase and AMCase loci suggests that the genes encoding the two active chitinases result from a large-scale duplication.
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The AMCase locus reveals major differences between mouse and man. Firstly, additional open reading frames exist in the mouse genome encoding Ym1, Ym2, Bclp2 and BYm (encoded by Chi3l3, Chi3l4, BCLP2 and LOC229688, respectively), whereas these genes are absent from human chromosome 1p13. The opposite holds true for Chi3L2 encoding YKL39. Secondly, additional AMCase-like pseudogenes, LOC728204 and LOC149620, are present on human chromosome 1. Finally, the orientation of many genes in the human and mouse AMCase loci differ (see figure 3) , suggesting the occurrence of multiple and diverse recombination events.
It is of interest to note that the chito-lectin gene YKL39 is part of the AMCase locus in man and cow, but based on both phylogenetic analyses as well as protein features YKL39 likely results from a gene duplication event in the chitotriosidase locus. Apparently in the case of the YKL39 gene an additional rearrangement occurred.
DISCUSSION
Our investigation rendered new insights into the evolutionary relationships of mammalian chitinase(-like) proteins. Phylogenetic analyses and genomic synteny both point to the same evolution of mammalian family 18 chitinase proteins (figure 4). Firstly, a gene duplication event allowed the specialization of two active chitinases, chitotriosidase and AMCase. Duplications of both chitotriosidase and AMCase genes, followed by loss of enzymatic function mutations, led to the subsequent evolution of chi-lectins.
The duplication of the active chitinase most likely has an ancient origin as Xenopus already has two active chitinases, one of which, like AMCase, is expressed in the stomach . Indeed, the Xenopus AMCase homologue clusters with the mammalian AMCases (see supplemental figure 2 ). This suggests that the gene duplication allowing evolution of chitotriosidases and AMCases occurred very early in tetrapod evolution in the wake of the development of the acidic stomach. The evolution of the various mammalian chi-lectins is most likely a more recent event. The existence of a molluscan chi-lectin remarkably homologous to Hcgp39 has been reported (Badariotti et al. 2006) . However, the molluscan sequence does not clade within the GP39 group (results not shown), suggesting it to be a product of an independent gene duplication and loss of function mutation. BLAST searches on the genome of the nematode C. elegans reveal several genes likely to encode chi-lectins, yet phylogenetic analyses again show none of them to group within the tree (results not shown). Recently, the occurrence in several plant species of chi-lectins homologous to chitinases has also been reported (van Damme et al. 2006) . Mutations resulting in loss of chitinolytic activity have apparently independently occurred in a variety of lineages.
It is theoretically conceivable that the various types of chi-lectins in mammalian species have interdependently evolved by concerted evolution, a process driven by unequal crossover and gene conversion (reviewed in Nei and Rooney 2005) . The lack of conservation of gene orientation within the AMCase locus (figure 3) indeed suggests that recombination has occurred.
However, phylogenetic analyses show that orthologues are far more closely related than paralogues, which does not substantiate concerted evolution as an important contributing mechanism underlying the diversification of chi-lectins. Instead, based on the observed relationships and selective pressures, the evolution of this gene family is in accordance with a form of multigene family evolution now referred to as "birth-and-death evolution under strong purifying selection" (reviewed in Nei and Rooney 2005) .
Our study revealed the existence in mice of a previously unidentified chi-lectin, referred to as hypothetical protein (BYm). Despite the fact that it belongs to the group of AMCase-(or acidic-)
lectins, it displays a basic iso-electric point, suggesting substantial specialization. The absence of the gene in animals other than rodents points to a relatively recent gene duplication, nicely illustrating the remarkable ongoing evolution of chitinase(-like) proteins in mammals. Likewise, the occurrence of GP40 seems restricted to artiodactyls. GP40 has been found to be present in dry mammary secretions at times when extensive tissue remodelling occurs (Srivastava et al. 2006) , hence its presence may reflect differences in mammary function between artiodactyls and other mammals.
Structural features among orthologues of the chitinase protein family are extremely well conserved among mammals; yet there are differences in expression among species. A striking example in this respect is chitotriosidase in man and rodents (Boot et al. 2005a) . very strong indicator of positive selection as ω > 1, it is necessary not only to look at a specific site but also at specific time interval (Sharp 1997; Zhang et al. 2005) .
The high homology between members of the chitinase(-like) protein family may cause confusion when comparing genes of different species (Raes et al. 2005; Boot et al. 2005b; Reese et al. 2007 ). There are considerable differences between species regarding presence or absence of particular chi-lectins. One example in this respect is Ym1. This protein has been extensively studied since it is secreted by alternatively activated macrophages in mice under a variety of inflammatory conditions Welch et al. 2002; Zhao et al. 2005; Iwashita et al. 2006; Reese et al. 2007 ). The implications for human pathology, however, may be considered limited since no true human orthologue of Ym1 exists.
In conclusion, our investigation of family 18 glycosyl hydrolases has revealed that active chitinases and chi-lectins are widespread and conserved in the mammalian kingdom. An ancient gene duplication first allowed the specialization of two active chitinases, chitotriosidase and 
